Introduction
============

Aplastic anemia (AA), a rare bone marrow disease, which leads to pancytopenia, anemia, leukopenia and thrombocytopenia mainly occurs in teenagers worldwide ([@b1-mmr-12-06-7877]). Although the pathogenesis of AA has been associated with chemicals, drugs ([@b2-mmr-12-06-7877]), radiation ([@b3-mmr-12-06-7877]), infection and immune diseases ([@b4-mmr-12-06-7877]), the precise cause remains unknown in half of the cases of AA ([@b5-mmr-12-06-7877]). Without effective treatment, AA is associated with a high risk of mortality ([@b6-mmr-12-06-7877]), therefore, studies regarding the underlying pathogenesis are considered to be necessary and relevant.

Bone marrow mesenchymal stem cells (BMSCs) are multi-potent stromal cells, which differentiate into numerous types of cell, such as osteoblasts, chondrocytes and adipocytes ([@b7-mmr-12-06-7877]). The capability to support hematopoiesis and immunomodulatory characteristics render BMSCs vital in the bone marrow hematopoietic microenvironment ([@b8-mmr-12-06-7877]). Since the abnormal alteration of BMSCs was observed in patients with AA ([@b9-mmr-12-06-7877]), various studies have investigated the association between BMSCs and the pathogenesis of AA. Zhao *et al* ([@b10-mmr-12-06-7877]) showed that AA BMSCs were prone to differentiate into adipocytes rather than osteoblasts. However, treatment with arsenic trioxide partially reversed the differentiation imbalance. Wang *et al* ([@b11-mmr-12-06-7877]) treated BMSCs (obtained from patients with AA) with rapamycin at varying concentrations and identified that rapamycin was vital in the suppression of BMSC proliferation, cell cycle progression and adipogenesis ([@b8-mmr-12-06-7877]). However, the underlying mechanisms of the influence of BMSCs on AA treatment by activating growth factor remains unclear and require further investigation.

Recently, the investigation of AA-associated BMSC differentiation at the gene level has become increasingly prevalent. Jiang *et al* ([@b12-mmr-12-06-7877]) demonstrated that basic fibroblastic growth factor (FGF) was expressed at a low level in the BMSCs of infants presenting with AA and subsequently inferred that low FGF expression may be involved in the pathogenesis of AA. FGFs, are a family of pluripotent growth factors that affect mitosis, cell regulation and morphology, as well as the endocrine system. Thus far, 22 members of the FGF family have been identified and verified to be structurally associated with molecular signaling ([@b13-mmr-12-06-7877]). Furthermore, FGF1, encoded by FGF1, exerts potent activity on cell survival, embryonic development, as well as tissue repair ([@b14-mmr-12-06-7877]). Stegmann ([@b15-mmr-12-06-7877]) identified that FGF-1 promoted neoangiogenesis in the hypoxic heart muscle of humans and demonstrated the angiogenic effect of FGF-1. Cao *et al* ([@b16-mmr-12-06-7877]) reported that FGF1 and FGF2 exhibited more potent efficacy on angiogenesis compared with vascular endothelial or platelet-derived growth factors, and induced the formation of stable vascular networks. On the basis of previous research, the aim of the present study was to investigate the regulatory mechanism of FGF1 in BMSCs to provide a novel insight into the management of AA.

Long non-coding (lnc) RNAs are non-protein coding transcripts which contain \>200 nucleotides ([@b17-mmr-12-06-7877]). lncRNAs have been reported to be significant in dosage compensation effects, the regulation of epigenetics, the cell cycle and cell differentiation in mammals ([@b18-mmr-12-06-7877]). Due to their unknown, but potentially efficacious applications, researchers worldwide have focused on establishing databases of lncRNAs at a genome-wide level ([@b19-mmr-12-06-7877]). Thus far, the constructed lncRNA databases are as follows: lncRNABase ([@b20-mmr-12-06-7877]), ChIPBase ([@b21-mmr-12-06-7877]), LNCipedia ([@b22-mmr-12-06-7877]), lncRNAdb ([@b23-mmr-12-06-7877]), NONCODE ([@b24-mmr-12-06-7877]) and NRED ([@b25-mmr-12-06-7877]).

In the present study, the potential association between FGF1 and BMSCs in patients with AA was investigated, and the regulatory mechanism of FGF1 by lncRNAs was evaluated to provide a novel insight into the treatment of AA.

Materials and methods
=====================

Isolation and culture of BMSCs
------------------------------

Marrow was obtained from patients diagnosed with aplastic anemia (AA), which had been preserved in the Cancer Tissue Bank between 2007 and 2013 at Changzhou First People\'s Hospital (Jiangsu, China). Among the 24 selected tumor samples, 12 were from male patients and 12 were from female patients. The average age of the patients was 36 years. Informed consent for the experimental use of surgical samples was obtained from all patients. The study was approved by the ethics committee of The First People\'s Hospital of Changzhou, Changzhou, China. Following heparinization (3,000 units; 0.2 ml), 1 ml of marrow, was added to 5 ml Red Blood Cell Lysis Buffer (Beyotime Institute of Biotechnology, Nanjing, China) and the homogeneous mixture was centrifuged at 2,930 × g for 10 min. The supernatant was discarded and the precipitate was rinsed twice with phosphate-buffered saline (pH 7.2). The BMSCs were isolated by an additional centrifugation of the mixture and isometric percoll lymphocyte separation medium (Ficoll-lsopaque, Pharmacia, Piscataway, NJ, USA) (ρ=1.072 g/ml) was added. The mixture was cultured in α-minimum essential medium (α-MEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin (Sigma-Aldrich, St. Louis, MO, USA) and 100 U/ml streptomycin (Sigma-Aldrich) at 37°C with 5% CO~2~ for 24 h. Finally, the isolated BMSCs were subcultured every 3 days according to whether the ratio of the original medium to the fresh medium was 1:2 (v:v).

Reconstruction of the adenovirus vector
---------------------------------------

The pSileneerl.0-shFGF1 and pShuttle vectors (BD Biosciences, Palo Alto, CA, USA) were cut using *Bam*HI and *Hin*dIII restriction enzymes (Promega Corporation, Madison, WI, USA). Then the fragments of shFGF1 cDNA (0.3 kb) and pShuttle (4.2 kb) were retrieved and ligated using T4 DNA ligase for 4 h at 22°C. DH5α™ competent cells were transformed and the plasmids were extracted following screening for positive colonies in Luria-Bertani (LB) medium supplemented with kanamycin. The combination of the materials was termed pShuttle-shFGF1 To construct the recombinant adenovirus vector, cells were transfected with pAdxsi vector as well as pShuttle-shFGF1. Superstratum was covered with 5% gelose and cultured at 37°C with 5% CO~2~ for 10 days. Following connection of the retrieved plasmids and fragments with their target genes \[FGF1 or small interfering (si)RNA-testis development related gene 1 (TDRG1), designed and synthesized by Invitrogen Life Technologies (San Diego, CA, USA)\], the DH5α was transformed and coated onto LB medium with ampicillin (Marsan Pharmaceuticals, Cherry Hill, NJ, USA). The positive colonies were selected by sending to Sigma-Aldrich for sequencing. The cultured BMSCs (5×10^5^/well) were seeded into a 6-well plate filled with Dulbecco\'s modified Eagle\'s medium (DMEM; Life Technologies, Inc., Gaithersburg, MD, USA) and infected using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA) until the cells covered 80--90% of the plate. Two days later, the virus was collected using the cytopathic effect and the titer was determined with a hemolytic plaque assay using the following model: Virus titer = No. of plaques/dilution factor × volume of diluent. For comparison, a sham control (medium only) was included and underwent the above-mentioned procedure. All culture processes were conducted in an atmosphere of 5% CO~2~ at 37°C and the experiments were performed in triplicate.

Cell proliferation assay
------------------------

The suspension of BMSCs, FGF1-BMSCs, TDRG1 siRNA-BMSCs, FGF1-TDRG1 siRNA-BMSCs, scramble siRNA-BMSCs and FGF1-scramble siRNA-BMSCs were plated in 96-well plates at a concentration of 100 ml/well in α-MEM with 10% FBS. The cells were then cultured by incubation at 37°C in a 5% CO~2~ atmosphere for 24, 36, 48, 60 and 72 h. Cell Counting kit-8 (CCK-8; Dojindo Laboratory, Kumamoto, Japan) reagent (10 ml) was added to the well and incubated for 24, 36, 48, 60 or 72 h. After a 2-h incubation, the optical density (OD) values of corresponding cells were measured using an ultraviolet spectrophotometer (Varian Medical Systems, Inc., Palo Alto, CA, USA) at 450 nm. The results were recorded for further comparison.

Immunofluorescence
------------------

After being fixed on a 48-well plate using 4% paraformaldehyde, the infected cells were permeabilized using 0.2% Triton X-100 and then sealed using 5% goat serum for 30 min. Incubation with anti-FGF1 primary antibody (Abcam, Cambridge, MA, USA; cat. no. ab9588; dilution, 1:200) and a fluorescein isothiocyanate (FITC)-labeled secondary antibody (cat. no. ABIN101988; Upstate Biotechnology, Lake Placid, NY, USA) was conducted at 37°C. The cell nucleus was counterstained with 4′,6-diamino-2-phenylindole and the plate was sealed using glycerinum. Microscopy (Olympus IX71, Tokyo, Japan) was performed to observe and obtain images the cells.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

To investigate the expression of target genes, total RNA was extracted and isolated from BMSCs using TRIzol reagent (Invitrogen Life Technologies). RNA was reverse transcribed using M-MLV Reverse Transcriptase (Promega Corporation). RNA quality was assessed with the ThermoScientific NanoDrop1000 (Thermo Fisher Scientific, Inc., Waltham, MA, USA). RT-qPCR was performed using the QuantiTect Primer assay (Qiagen GmbH, Hilden, Germany) and QuantiTect SYBR Green RT-PCR kit (Qiagen GmbH) on a LightCycler 480 Instrument (Roche Diagnostics, Mannheim, Germany). The detection and quantification contained the following steps: Reverse transcription was performed for 30 min at 55°C and initial activation for 15 min at 95°C; followed by 40 cycles of denaturation conducted at 94°C for 15 sec, annealing for 30 sec at 55°C and extension for 30 sec at 72°C. The target gene primers were designed by Invitrogen Life Technologies and primer sequences were as follows: Forward: 5′-CAGTACTTGGCCATGGACA-3′ and reverse: 5′-AGTGAGTCCGAGGACCGC-3′. The outcome of the RT-qPCR was assessed using the 2^−ΔΔCt^ method and GAPDH served as a reference for normalizing the target gene expression.

Chromatin immunoprecipitation (ChIP)
------------------------------------

BMSCs were cross-linked with 1% formaldehyde for 10 min at room temperature. The cross-linking was terminated by adding 125 mM glycine and the cells were washed twice with ice-cold PBS. The cells were solubilized in a buffer containing 10 mM Tris-HCl (pH 8.0), 1% Triton X-100, 1% sodium deoxycholate, 1 mM phenylmethanesulfonyl fluoride and protease inhibitor cocktail for 10 min at 4°C. Sonication using a Bioruptor^®^ Sonicator (Diagenode s.a., Seraing, Belgium) was performed to shear chromatin into 500-bp fragments. The supernatant was obtained by centrifugation (16,000 × g for 10 min at 4°C) and equally divided into six tubes (100 *µ*l/tube). The appropriate antibody \[anti-histone deacetylase (HDAC) 3 (Abcam; cat. no. ab7030; dilution: 1:500) or HDAC4 (Abcam; ab53331; dilution, 1:500\] was added into each tube and incubated for 3 h at 4°C. Immunoprecipitation was performed using ChIP-grade agarose beads with protein G (Cell Signaling Technology, Inc., Danvers, MA, USA), and the cells were blocked with 1% bovine albumin and 1% salmon sperm DNA. Finally, ChIP-grade agarose beads, protein G, cells, bovine albumin and salmon sperm DNA, were collected and the DNA was isolated by sedimentation velocity for qPCR.

Statistical analysis
--------------------

Data were processed using SPSS 12.0 statistical software (SPSS, Inc., Chicago, IL, USA) and recorded as the mean ± standard error of the mean. P\<0.05 was considered to indicate a statistically significant difference. In addition, one-way analysis of variance was adopted to assess the data. All of the experiments were performed in triplicate for the purposes of comparison.

Results
=======

FGF1 promotes the proliferation of BMSCs
----------------------------------------

The expression of FGF1 was identified in the BMSCs by immunofluorescence and the cells infected with Ad-FGF1 were observed to divide vigorously ([Fig. 1A and B](#f1-mmr-12-06-7877){ref-type="fig"}). According to the results of the CCK-8 assay in [Fig. 1C](#f1-mmr-12-06-7877){ref-type="fig"}, BMSCs of patients with AA infected with FGF1 grew more markedly when compared with the non-treated BMSCs (control group) with significantly higher OD values from 24 h during culture. Therefore, it was inferred that FGF1 may promote the proliferation of BMSCs in patients with AA.

FGF1 influences the expression of lncRNA TDRG1
----------------------------------------------

The expression levels of lncRNAs in BMSCs infected with/without Ad-FGF1 were detected by RT-qPCR ([Fig. 2](#f2-mmr-12-06-7877){ref-type="fig"}). The upregulated expression of all of the selected genes was observed in the two groups. Compared with the control group, the genes in Ad-FGF1-infected BMSCs were observed to be upregulated and expressed at higher levels. The two genes that were significantly upregulated compared with the control group were TDRG1 and urothelial carcinoma-associated 1 (UCA1; P\<0.05), which indicated that the infection with Ad-FGF1 may impact the proliferation of BMSCs by influencing lncRNA. In order to confirm the result described above, the expression level of TDRG1 was determined by RT-qPCR. The expression of TDRG1 was observed to be significantly higher in BMSCs infected with Ad-FGF1 than that in the control group ([Fig. 3A](#f3-mmr-12-06-7877){ref-type="fig"}; P\<0.05). This finding illustrates that FGF1 influences the expression of lncRNA TDRG1.

FGF1 promotes acetylation in the TDRG1 gene promoter
----------------------------------------------------

HDAC3 and HDAC4, which are members of the histone deacetylase/acetylase family was encoded by HDAC3 and HDAC4, respectively. HDAC3 and HDAC4 possess deacetylase activity and regulate the process of acetylation/deacetylation in order to alter chromosome structure and impact the access of transcription factor to DNA. Therefore, it was hypothesized that the acetylation level on the promoter region of the TDRG1 gene may be regulated by the overexpression of FGF1 in BMSCs. This hypothesis was tested via ChIP experiments using anti-HDAC3 and anti-HDAC4 antibodies. As shown in [Fig. 3B](#f3-mmr-12-06-7877){ref-type="fig"}, the deacetylation level of the TDRG1 gene promoter was significantly reduced in BMSCs overexpressing FGF1 when compared with the control group, which indicates that decreased enrichment of HDAC3 and HDAC4 results in the overexpression of FGF1, leading to acetylation of the TDRG1 gene promoter.

FGF1 enhances the proliferation of BMSCs through lncRNA TDRG1
-------------------------------------------------------------

In order to analyze the function of TDRG1 lncRNA, an RNA interference molecule was designed and TDRG1 lncRNA was silenced in BMSCs infected with/without Ad-FGF1. The results are presented in [Fig. 4](#f4-mmr-12-06-7877){ref-type="fig"}. Following TDRG1 lncRNA silencing, cell proliferation was observed to be significantly downregulated in BMSCs that were infected with/without Ad-FGF1, when compared with the control groups (P\<0.05). All of these results indicate that FGF1 enhances the proliferation of BMSCs via regulating the expression of TDRG1 lncRNA.

Discussion
==========

AA is a rare disease in which the normal generation of red blood cells and various white cell lines in the bone marrow is disrupted ([@b26-mmr-12-06-7877],[@b27-mmr-12-06-7877]). Various studies have focused on investigating the pathogenesis of AA by observing the regulation of gene expression levels. Zhang *et al* ([@b28-mmr-12-06-7877]) demonstrated that the increased expression of T cell immunoglobulin and immunoreceptor tyrosine-based inhibition motif domain ameliorated immune-mediated bone marrow failure of AA via the depressed function of CD4^+^ T cells. Furthermore, Wang *et al* ([@b29-mmr-12-06-7877]) confirmed the harmful and protective function of human leukocyte antigen alleles in Chinese patients exhibiting severe AA. In the current study, it was inferred that FGF1 is a potential regulator of BMSC differentiation in patients with AA on the basis of experiments in which low expression of FGF was observed the BMSCs of patients with AA. As BMSCs are significant in the hematopoietic microenvironment, an investigation concerning the underlying mechanism of FGF1 in the differentiation of BMSCs was considered to be essential and necessary.

The association between FGF1 and BMSCs has been reported in various studies. Eom *et al* ([@b30-mmr-12-06-7877]) demonstrated that FGF4 and FGF2 exerted an autocrine effect by regulating the proliferation of BMSCs. Chen *et al* ([@b31-mmr-12-06-7877]) demonstrated that the mutation of Ser252Trp in FGF receptor 2 was vital in FGF signaling and reduced the proliferation of BMSCs. In the present study, research was initiated with the study of the association between FGF1 and BMSC proliferation. The increased OD value of the cultured FGF1-BMSCs (when compared with the control group) revealed the increased proliferative capability of the cells infected with Ad-FGF1 and illustrated that FGF1 was a potential regulator of BMSC proliferation. Furthermore, this finding was supported by results of immunofluorescence in which vigorous proliferation and FGF1 expression were observed in FGF1-BMSCs.

In recent years, lncRNA has become increasingly popular in the investigation of the pathogenesis of certain malignant diseases. Metastasis associated lung adenocarcinoma transcript 1 (MALAT1) and UCA1 were found to be abnormally expressed in melanoma metastases ([@b32-mmr-12-06-7877]). X-inactive specific transcript was identified as a biomarker for membranous nephropathy ([@b33-mmr-12-06-7877]) and WD repeat containing, antisense to TP53 was considered as a candidate for a cancer susceptibility gene ([@b34-mmr-12-06-7877]). The bi-functional lncRNA, steroid receptor activator RNA 1 was identified to be a component of the steroid receptor coactivator-1 acetyltransferase complex and indicated to be an epigenetic regulatory component ([@b35-mmr-12-06-7877]). Insulin-like growth factor 2 antisense RNA was observed to be a potent stimulator in cancer cell lines of diabetic patients ([@b36-mmr-12-06-7877]). Furthermore, HOX transcript antisense RNA and MALAT1 were identified as the specific lncRNAs in laryngeal squamous cell carcinoma ([@b37-mmr-12-06-7877]). The overexpression of hypoxia inducible factor 1-antisense RNA 1 (HIF1A-AS1) was associated with non-papillary renal HIF1A carcinomas ([@b38-mmr-12-06-7877]). The disease-related lncRNA of erythrocyte membrane protein band 4.1 like 4A-AS1, zinc finger, NFX1-type containing 1-AS1, Yiya and long stress-induced non-coding transcript 5 were selected from lncRNABase together with the above-mentioned lncRNAs, and determined in the present study using RT-qPCR to observe the potential regulatory role of lncRNAs in FGF1-BMSCs. According to the findings of the PCR, all the genes were observed to be upregulated in the FGF1-BMSCs; however, two genes (TDRG1 and UCA1) exhibited significant increases in expression. It was indicted that FGF1 promoted BMSC proliferation via regulation of the lncRNAs of TDRG1 and UCA1.

Although numerous studies have documented their association with certain diseases, investigations involving the role of TDRG1 and UCA1 in Ad-FGF1-infected BMSCs are considered to be limited. According to the result of [Fig. 3](#f3-mmr-12-06-7877){ref-type="fig"}, the expression of TDRG1 at the gene level in FGF1-BMSCs increased significantly compared with control cells. When the cells were infected with TDRG1 siRNA, proliferation was markedly inhibited, this further confirmed the role of TDRG1 in BMSC differentiation in patients with AA. In [Fig. 4](#f4-mmr-12-06-7877){ref-type="fig"}, the expression of HDAC3 and HDAC4 (indicators of acetylation levels in cells) was observed to be significantly reduced in FGF1-BSMCs. Since HDAC3 and HDAC4 possess the potent activity of deacetylation, a decrease in their expression levels would lead to enhanced acetylation, which introduces the acetyl functional group into a chemical compound and is considered to be an important modification process of proteins in cell biology.

Therefore, it was concluded in the present study that FGF1 promotes the proliferation of BMSCs to alleviate AA by enhancing acetylation of the lncRNA of the TDRG1 gene promoter.

The findings of the current study provide a promising insight into the therapeutic treatment of AA. However, further validation via *in vivo* studies is required.
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![Effects of FGF1 on BMSC proliferation. The FGF1 expression and efficacy in BMSCs were observed under a microscope on the basis of immunofluorescence. (A) Control group of BMSCs. (B) BMSCs infected with FGF1. Magnification, x200. (C) The capability of proliferation was assessed using Cell Counting kit-8. The plots of OD values for BMSCs and FGF1-BMSCs are presented for comparison. The data are presented as the mean ± standard error of the mean from three independent experiments. ^\*^P\<0.01 compared with the OD450 value in the control group. FGF1, fibroblast growth factor 1; BMSC, bone marrow mesenchymal stem cell; OD, optical density.](MMR-12-06-7877-g00){#f1-mmr-12-06-7877}

![Expression level of disease-associated lncRNA in BMSCs and FGF1-BMSCs. The total RNA was extracted following infection with/without an adenovirus vector containing the FGF1 gene. Analysis of lncRNA expression was subsequently performed via reverse transcription-quantitative polymerase chain reaction. The data are presented as the mean ± standard error of the mean from three independent experiments. ^\*^P\<0.05, compared with control. FGF1, fibroblast growth factor 1; HIF1a-AS1, hypoxia inducible factor 1-antisense RNA 1; TDRG1, testis development related gene 1; UCA1, urothelial carcinoma-associated 1; MALAT1, metastasis associated lung adenocarcinoma transcript 1; lncRNA, long non-coding RNA; BMSC, bone marrow mesenchymal stem cell.](MMR-12-06-7877-g01){#f2-mmr-12-06-7877}

![Deacetylation level of lncRNA TDRG1 gene varied in BMSCs overexpressing FGF1. (A) Total RNA was extracted following infection with/without an adenovirus vector containing the FGF1 gene and analysis of lncRNA TDRG1 expression was performed via reverse transcription-quantitative polymerase chain reaction. ^\*^P\<0.05 compared with the control group. (B) The deacetylation level of the lncRNA TDRG1 gene was analyzed by ChIP sequencing. ^\*^P\<0.01 compared with the the control group. Data are presented as the mean ± standard error of the mean from three independent experiments. FGF1, fibroblast growth factor 1; HDAC, histone deacetylase; ChIP, Chromatin immunoprecipitation; lncRNA, long non-coding RNA; BMSC, bone marrow mesenchymal stem cell; TDRG1, testis development related gene 1.](MMR-12-06-7877-g02){#f3-mmr-12-06-7877}

![FGF1 enhances the proliferation of bone marrow mesenchymal stem cells through lncRNA TDRG1. The effect of lncRNA TDRG1 on cell proliferation was evaluated by RNA interference. Scramble siRNA served as a negative control. The data are presented as the mean ± standard error of the mean from three independent experiments. ^\*^P\<0.05 compared with the TDRG1 siRNA group. si, small interfering; TDRG1, testis development related gene 1; FGF1, fibroblast growth factor 1; OD, optical density.](MMR-12-06-7877-g03){#f4-mmr-12-06-7877}
